Signaling lymphocytic activation molecule (SLAM)-associated protein (SAP) is a Src homology (SH) domain 2-containing intracellular adaptor protein that is predominantly expressed in the hematopoietic system by T lymphocytes and NK cells. SAP protein is encoded by the SH2D1A gene located on the X chromosome. Loss-of-function mutations in SAP cause the X-linked lymphoproliferative disease (XLP), a severe immunodeficiency characterized by heightened susceptibility to Epstein-Barr virus and impaired humoral immunity. Normal individuals express several functional and non-functional isoforms of SAP as a result of alternative splicing. In this study, we identify a cryptic exon in the murine Sh2d1a gene. At the mRNA level, the new isoform of SAP (SAP-2) that includes this new exon is widely expressed in lymphoid tissues by C57BL/6 and 129 strains of inbred mice. SAP-2 accounts for approximately 1%3% of total SAP transcripts, and it is dynamically regulated during lymphocyte activation. At the protein level, the SAP-2 isoform is a 144 amino-acid protein. Compared to the dominant 126 amino-acid SAP-1 isoform, the additional 18 amino acids are inserted into a structural region that is critical for phosphotyrosine binding. Our functional analysis in vitro indicates that SAP-2 is a non-functional isoform due to decreased protein stability. Thus, both human and mouse have multiple SAP splice isoforms that may or may not function. Modulation of relative proportions of these isoforms is potentially a mechanism whereby cells can regulate SAP-mediated biological activities.
The X-linked lymphoproliferative disease (XLP), initially identified by Purtilo in 1975 [1], is a rare inherited immunodeficiency that is characterized by severe immune dysregulation after viral infection, especially by the Epstein-Barr virus [2] , and abnormalities in serum IgG levels [3] . The XLP gene was initially determined to be at chromosome Xq25 by linkage analysis [4, 5] and later cloned as SH2D1A [6, 7] . SH2D1A encodes an SH2 domain (Src homology domain 2) containing adaptor protein that binds to immunoreceptor tyrosine-based switch motifs (ITSMs) located in the cytoplasmic tails of SLAM family receptors, including SLAM (CD150, SLAMF1), CD48 (SLAMF2), 2B4 (CD244, SLAMF4), Ly9 (CD229, SLAMF3), CD84 (SLAMF5), and NK-T-B-antigen (NTB-A; SF2000 in human or Ly108 in mouse, SLAMF6) [8] . SAP knockout mice recapitulate many characteristics of the XLP syndrome, and a striking phenotype is the lack of germinal centers [9] . This is due to the fact that SAP-deficient T cells cannot stably interact with cognate B cells and deliver sufficient help to support germinal center formation [10] . Recent evidence indicates that this latter function of SAP is mainly related to Ly108 and CD84 but not to other members of the SLAM family [11, 12] .
The human SH2D1A gene consists of four exons, is tran-scribed as 2530-bp of mRNA with an open reading frame (ORF) of 462 bp, and encodes a protein of 128 amino acids [6, 13] . Two splice isoforms have been found in human, one full-length and one shorter by 3 amino acids at the C terminus due to an alternative in-frame splice site. Mouse Sh2d1a gene also contains four known exons, while no splice isoforms have been reported. In the present study, we have identified a new exon in the mouse Sh2d1a gene that produces a novel splice isoform.
1 Materials and methods
Mice
B6 (Jax 664) and OVA 323-339 -specific TCR transgenic OT-2 (Jax 4194) mice were from the Jackson Laboratory. SAP deficient mice were kindly provided by Dr. Pamela Schwartzberg at NIH [14] . All mice were maintained under specific pathogen-free conditions, and used in accordance with governmental and institutional guidelines for animal welfare.
Cloning and expression of SAP isoforms
Total thymic RNA was isolated from C57BL/6 mice (68 weeks) by the Trizol reagent (Invitrogen, USA). cDNA was made using ReverseAid First strand synthesis kit (Thermo scientific, USA). To amplify the full coding sequence of SAP, we used the following primers: SAP-F (5′-ATGG-ATGCAGTGACTGTGTACC-3′) and SAP-R (5′-TCAT-GGTGCATTCAGGCAGATATC-3′). Amplified fragments were subcloned using restriction enzymes, and inserts from several clones were sequenced. DNA and protein alignments were performed using SnapGene and DNASTAR. To express SAP in various cells, we cloned its isoforms or its direct fusions with GFP by standard molecular techniques into a custom-made MSCV-RFP vector, in which gene insert is driven by the LTR promoter while RFP is driven by an independent human ubiquitin promoter.
Tissue and cell preparation for SAP expression analysis
Lymph node, thymus and spleen tissues were snap-frozen in liquid nitrogen and pestled to powder before total RNA was extracted using the Trizol reagent (Invitrogen, USA). CD4 + and CD8 + T cells were isolated with Microbeads by positive-selection (Miltenyi Biotec, Germany), and then stimulated with plate-bound anti-CD3 and anti-CD28 mAbs. Cells were harvested at 0, 2 and 24 h after stimulation.
, and CD4 + CD8 + thymocytes were sorted by standard flow cytometry using an Aria III sorter (BD Biosciences, USA). Total RNA from these cells was extracted by QIAGEN Rneasy Mini kit (QIAGEN, Germany), and cDNA was made with the ReverseAid First strand synthesis kit (Thermo scientific, USA). Equal amounts of total RNAs were used for reverse transcription in all samples of the same experiment.
Real-time PCR
Expression levels of total SAP and the SAP-2 isoform were measured by real-time PCR using SYBR premix Ex Taq reagent (TAKARA, Japan) and Applied Biosystems 7500 (ABI, USA) StepOnePlus TM Real-Time PCR System. Equal amounts of cDNA (2040 ng) from different samples were used for each reaction of 40 amplification cycles. Data were analyzed by the 2 ∆∆C т method [15] . GAPDH was used as the housekeeping internal control for all experiments. The specificity of the PCR products was verified by melting curve analysis and agarose gel electrophoresis. The following primers were used: SAP-total-F (5′-TGTCCCAGAC-AGAAACAGGTTC-3′) and SAP-total-R (5′-GCTTCTGA-AACGCTGAGATGAG-3′); SAP-2-F (5′-CCAGCACTAT-GGATTAGCCTATG-3′) and SAP-2-R (5′-TCTCGGCA-CTCCAAGAACC-3′); GAPDH-F (5′-TGTTCCTACCC-CCAATGTGTC-3′) and GAPDH-R (5′-TAGCCCAAGAT-GCCCTTCAGT-3′).
Transfection, retroviral production, and T cell infection
X-tremeGENE HP DNA Transfection Reagent (Roche, Switzerland) was used to transfect 293T or Plate-E packaging cells with indicated MSCV constructs following the manufacturer's instructions, as previously described [16] .
To infect T cells, we spun 3×10 5 activated T cells at 1500×g
with viral supernatants in the presence of 1 μg mL 1 polybrene (Sigma, USA) and 10 ng mL 1 IL-2 (Peprotech, USA) for 2 h at 32°C. Infected T cells were then transferred into new wells with fresh media supplemented with 10 ng mL 1 IL-2.
Detection of intracellular SAP protein expression
Cells were fixed with 1% paraformaldehyde, permeablized with 0.1% saponin, and stained with an AlexaFluor647-conjugated monoclonal anti-SAP antibody (a kind gift from Dr. Andre Veillette, Clinical Research Institute of Montreal) [17] .
T-B cell conjugation assay
A previously described protocol was used with some modifications [10] . 
Results and discussion
During our routine cloning of the SAP coding sequence by RT-PCR using cDNA prepared from B6 thymocytes, we noticed that one clone was larger than the other three picked clones, as evidenced by electrophoresis on the agarose gel ( Figure 1A , clone #2). Sequencing analyses showed that while all the other three clones contain the correct 381-bp SAP coding sequence as in the NCBI reference sequence (NM_011364.3) for Sh2d1a, the clone #2 sequence was 435 bp long (GenBank accession No. KF811030). As shown in Figure 1B , an additional 54-bp sequence was inserted between the first 137 bp and the last 244 bp of the canonical SAP coding sequence. Because the coding sequence contained in exon 1 of the Sh2d1a gene is precisely 137 bp long, these data suggest that the clone #2 cDNA is derived from an alternatively spliced SAP mRNA species, and there should be a 54-bp cryptic exon in the Sh2d1a gene. We searched in the first intron of the Sh2d1a gene for this putative exon. As shown in Figure 2A , the first intron of Sh2d1a is 12427 bp in length according to NCBI mouse genome Build 37.2, and a perfect match of the 54-bp DNA sequence is found between nucleotide 4866 and 4919 of this intron. The non-coding sequence immediately 5′ to this 54-bp segment ends with an AG dinucleotide, conforming to a regular splice acceptor site characteristic of a U2-type intron, while the sequence immediately 3′ to the 54-bp segment starts with a GT dinucleotide, conforming to a regular splice donor site (Figure 2A) . A "TTGAC" sequence is found 27-bp upstream of the 54-bp segment, conforming to a usual branch site (C/T)T(A/G)A(C/T) for splicing [18] . These analyses indicate that the 54-bp segment is a bona fide exon. We thus term this segment as exon2′ to differentiate it from the canonical exon2, and term the 5-exon SAP product isoform 2 (murine SAP-2, Figure 2B ), while using isoform 1 (murine SAP-1) to denote the original 4-exon SAP product. Inclusion of this 54-bp exon2′ between exon 1 and 2 in the SAP-2 isoform does not alter the original reading frame and is predicted to produce a protein of 144 amino acids ( Figure 2C ). On the other hand, inclusion of exon2′ in place of exon2, also a possible splicing product, will lead to a frame shift and generate a premature stop codon that is predicted to terminate the translation of 13 amino acids downstream of exon2′ ( Figure 2D ).
Alternatively spliced isoforms may serve different biological functions as different proteins. The SAP-1 isoform has so far been the only known isoform and assumed to be responsible for all functions of SAP. The two available SAP-deficient mouse strains do not differentiate the two isoforms, because in one strain the exon 1 is deleted [19] while the exon3 is targeted in the other [14] . Previously used PCR primers for RT-PCR analysis cannot differentiate these two isoforms.
To begin to differentiate SAP-1 and SAP-2 expression and function, we designed isoform-specific primers. As shown in Figure 3A , the primer set-1 detects both SAP-1 and SAP-2 isoforms, while primer set-2 specifically detects the SAP-2 isoform. Amplicons from both sets of primers span exon-intron junctions and thereby minimize interference of mRNA quantitation by genomic DNA contamination. No suitable primers can be designed to specifically amplify the SAP-1 but not the SAP-2 isoform. We then investigated the expression pattern of SAP-2 in adult mouse lymphoid tissues. As shown in Figure 3B , similar to total SAP expression, SAP-2 was most highly expressed in the thymus as compared to the spleen or the lymph node. On the other hand, as a percentage of total SAP expression, the [23] . D, Two ways of alternative splicing of exon2′ in relationship to exon2. Direct ligation of exon2′ and exon3 with exon2 skipped is predicted to result in a frame shift and premature translational termination.
highest level of SAP-2 was seen in the lymph node ( Figure  3C ). SAP-2 expression was not a peculiar phenomenon of the C57BL/6 strain, as 129 mice similarly expressed the SAP-2 isoform in the thymus, spleen, and lymph node, except that the highest level of SAP-2 was seen in the spleen ( Figure 3D ). In thymus, SAP-2 and the total SAP exhibited a similar pattern of expression among the single-positive cells, double-positive cells and double-negative cells (Figure 3E) . Upon in vitro activation with anti-CD3/28 mAbs, SAP-1 expression in both CD4 + T and CD8 + T cells was decreased, as previously reported [20] . In contrast, SAP-2 expression was increased in CD4 + T and particularly CD8 + T cells 24 h following activation ( Figure 3F and G). Taken together, these data indicate that, at the level of whole tissues, SAP-2 is a minor but constitutively expressed isoform accounting for approximately 1%3% of total SAP mRNA. Its expression is likely regulated in kinetics different from that of SAP-1. SAP-1 is an SH2-domain containing adaptor protein, and its functions depend on SH2-mediated interactions with phospotyrosine (pY)-containing peptides such as those present in the cytoplasmic domain of SLAM family proteins [7, 21] . Based on the crystal structure of SAP SH2 domain [22, 23] , the additional stretch of 18 amino acids coded by exon2′ is inserted immediately before the D strand ( Figure  2D ). Almost all residues of the D strand are important for the SAP interactions with the phosphotyrosine (pY)-containing ITSM motif. It seems that the compact architecture of an SH2 domain would not be able to accommodate such drastic addition without affecting its ability to bind to an ITSM motif. On the other hand, if the 18 amino acids can be arranged in a flexible loop configuration, they could in principle create docking sites for interactions with other signaling molecules. To test functional activities of SAP-2, we used an in vitro T-B cell conjugation assay [10] . It is well established that SAP-deficient T cells cannot form stable adhesion to antigen-presenting B cells, and that acute complementation of SAP-1 protein by retroviral transduction can rescue this deficiency. Such rescue critically depends on the ability of SAP-1 to bind to the ITSM motif [10] . In fact, our systematic mutagenesis analyses indicated that no residues of SAP-1 other than those involved in ITSM binding were required for such rescue (unpublished data). Therefore, we compared SAP-1 and SAP-2 for their abilities to rescue SAP-deficient T cells. As shown in Figure  4 , while transduction of SAP-1 in Sap / T cells improved their conjugate formation with antigen-presenting B cells, SAP-2 complementation failed to do so. These data indicate that SAP-2 either cannot bind to ITSM or it is simply an unstable protein. To further differentiate these two possibilities, we stained these cells for intracellular SAP protein using a monoclonal anti-SAP antibody [17] . As shown in Figure 5A , only MSCV-SAP-1-RFP but not MSCV-SAP-2- RFP group expressed detectable levels of intracellular SAP protein, suggesting that SAP-2 might not be stable. An alternative possibility is that SAP-2 might still be normally expressed and stable, but the epitope recognized by the monoclonal antibody is altered so that SAP-2 becomes undetectable. To test this, we expressed fusion protein between GFP and SAP-1 or SAP-2 or GFP alone in 293T cells by the MSCV-RFP vector. Because two independent pro- moters drive the RFP and SAP-GFP fusion expression on the same construct, the RFP fluorescence indicates the level of transfection, while the GFP fluorescence directly reflects levels of SAP-1/-2 or GFP protein expression. When gated on RFP + transfected cells, the SAP-2-GFP group exhibited minimal levels of GFP fluorescence, as compared to either SAP-1-GFP or GFP group ( Figure 5B ). Quantitatively, when the level of GFP fluorescence was normalized against the level of RFP fluorescence, the SAP-2 group exhibited the lowest GFP/RFP ratio ( Figure 5C and D) . Collectively, these data indicate that SAP-2 is unstable, probably being rapidly degraded in the cell, and therefore non-functional.
We have serendipitously identified a new isoform of murine Sh2d1a transcript that results from inclusion of a cryptic exon2′ and encodes a 144-aa protein. Interestingly, whereas the cryptic exon2′ is closer to exon-1 than the exon2 and it has classic intron acceptor and donor sites before and after it, respectively, overall SAP transcription favors the exclusion of exon2′, and SAP-2 accounts for approximately 1%3% of the total SAP transcription. It is possible that histone modifications at those intronic regions surrounding exon2′ promote its preferential exclusion [24] . On the other hand, it is interesting to note that human SH2D1A gene has at least two alternatively spliced isoforms in addition to the 128-aa isoform 1. One isoform is 3 amino acids shorter due to the use of an alternative in-frame splicing site within exon3 (NCBI accession: AAC79714.1), while the other isoform uses yet another different alternative splicing site within exon3, leading to a frame shift and truncated protein [7] . Therefore, in both human and mouse, SAP has multiple isoforms. Our results indicate that SAP-2 protein per se is non-functional and unstable. However, it is possible that SAP-2 transcription is modulated in particular cell populations and/or at particular stages of cell activation or differentiation. For example, 24 h following activation, CD8 T cells but not CD4 T cells possess increased expression of the SAP-2 mRNA, while the expression of total SAP and, by inference, the SAP-1 isoform is downregulated. It would be interesting to see in the future whether alternative splicing, in either human or mouse, is an operational mechanism by which SAP-mediated immune functions are regulated in a cell-and context-specific manner. 
